Absorption of thermal-energy gaseous hydrogen atoms by Si(100), exceeding by far the dopant and other impurity concentrations, occurs within a narrow substrate temperature ͑T s ͒ window centered at ϳ460 K. The absorbed hydrogen persists in the crystalline bulk as highly mobile species before migrating out and desorbing as molecular hydrogen at T s as high as 900 K, well above the recombinative desorption temperatures of surface-adsorbed H. Developing and sustaining atomic-scale surface roughness, by H-induced silicon etching, is a prerequisite for H absorption and determines the T s window.
Hydrogen chemistry and physics on and in Si(100), of great scientific and technological importance, have been intensively investigated [1] [2] [3] . Gas-phase hydrogen, in its atomic and molecular forms or as a constituent of precursors, is common in semiconductor processing. H incorporated into crystalline silicon ͑c-Si͒ deactivates dopants, other impurities, and lattice vacancy defects, seriously affecting the performance of fabricated Si devices [2, 3] . It is also reported that H in c-Si induces extended planar defects (platelets) [2] [3] [4] . For such studies, H has been introduced into c-Si by high-temperature annealing in H 2 , by hydrogen plasma treatment or implantation [2, 3] , and, recently, by direct absorption of thermal-energy H͑g͒ atoms [5] .
In this Letter, we report that absorption of thermalenergy H͑g͒ atoms requires, at the atomic level, a roughened surface. During exposure to H͑g͒, the requisite roughness is realized within a narrow substrate temperature ͑T s ͒ range between roughly 400 and 600 K as the result of H-induced Si etching. Thus, there is a direct correlation between microscopic surface structure and H incorporation into the subsurface of Si(100), providing new and farreaching insights into both fundamental phenomena and silicon-related device processing.
Details of our stainless-steel ultrahigh vacuum apparatus (base pressure of 1 3 10 210 Torr) and Si(100) sample preparation have been reported elsewhere [5] . Both Czochralski-and float zone-grown Si(100) samples of 14 to 20 V ? cm resistivity (with B or P doping), cut into a 10 3 15 3 0.6 mm 3 size and mounted on an xyz-rotational stage, were used. The cleanliness and ordered ͑2 3 1͒ surface structure of Si(100) were confirmed in situ by Auger electron spectroscopy and low-energy electron diffraction (LEED). Thermal-energy neutral H atoms were generated by a hot ͑ϳ1800 K͒ spiral W filament positioned ϳ6 mm in front of an H 2 gas dosing tube facing the sample surface from a distance of 4.5 cm. The H atom flux, F, controlled by a precision leak valve on H 2 delivery and monitored with an ionization gauge, was calibrated as follows: (1) the H 2 temperature-programmed desorption (TPD) peak area, A 0 , was measured for a known surface coverage ͑u H 1.33 ML͒ of the Si͑100͒-͑3 3 1͒:H phase with T s 415 6 15 K; (2) the H 2 TPD peak area, A t , after a known dose time, t, was measured; and (3) assuming a unity sticking coefficient for atomic H on Si(100) up to 0.5 monolayers ͑1 ML 6.78 3 10 14 H atoms͞cm 2 ͒ [6], the flux was calculated as F 1.33͑A t ͞A 0 ͒ ͑1͞t͒ ML cm 22 s 21 . Following each H exposure at a fixed T s , TPD measurements were performed with a 5-K͞s ramp using a differentially pumped quadrupole mass spectrometer with an apertured (3-mm-diam) cone facing the sample surface line-of-sight from a 1-mm distance. Ex situ Raman spectra were also gathered.
It is well established that atomic hydrogen adsorption at, ca., 600, 400, and 300 K, on Si͑100͒-͑2 3 1͒ forms 1-ML ͑2 3 1͒:H, 1.33-ML ͑3 3 1͒:H, and ϳ2-ML ͑1 3 1͒:H phases, respectively [1, 7] . The latter two phases are known to give two H 2 desorption peaks at 670 K ͑b 2 ͒ and 780 K ͑b 1 ͒, from the recombinative desorption of dihydride and monohydride species, respectively [1] . Figure 1 displays H 2 TPD spectra obtained from Si(100) exposed to various amounts of atomic H at a fixed T s of 505 K. We observed a new H 2 TPD peak ͑a͒ that could not be saturated. Its peak temperature, 80-120 K higher than that of the recombinative desorption ͑b 1 ͒, shifts from 860 to 900 K with increasing H dose. Since these characteristic features cannot be attributed to surface H, they are attributed to H incorporated into the c-Si bulk.
The a-H 2 TPDs of H 2 after a fixed H atom exposure ( Fig. 2 ) exhibit striking variations with T s : (1) a narrow T s window of 420 to 530 K; and (2) a maximum intensity at an intermediate T s of 460 K. The a-peak intensity monotonically follows the SiH 4 (dashed curves), b 2 -and b 1 -H 2 intensities for T s $ 460 K, but not for ,460 K (see below). The presence of SiH 4 reflects etching by two reactions: SiH 3 ͑ads͒ 1 H͑ads͒ ! SiH 4 ͑g͒ during TPD, and SiH 3 ͑ads͒ 1 H͑g͒ ! SiH 4 ͑g͒ during dosing [8] . TPD of the 610-K exposure lacks both b 1 -H 2 and SiH 4 peaks, but shows b 1 -H 2 intensity comparable to that of the b 1 peak of the ͑3 3 1͒:H reference spectrum. This indicates that the surface does not roughen even after an extended H atom exposure at 610 K.
In accord with an earlier suggestion [5] , evidence for the bulk origin of a-H 2 evolution is presented in Fig. 3 . It is known that gas-phase atomic H abstracts preadsorbed b 1 -and b 2 -H on Si(100) by an Eley-Rideal -type reaction FIG. 2. H 2 (solid curves) and SiH 4 (dashed curves) TPD from Si(100) preexposed to a 1200-ML atomic H at the indicated substrate temperatures. Also overlaid is a reference H 2 TPD spectrum for 1.33-ML u H from Si͑100͒-͑3 3 1͒:H. In each case, T s was reduced to 400 K prior to TPD.
with an efficiency larger than 0.3 [6] . For T s 505 K (left panel), a small 25-ML dose of D, after a 4200-ML dose of H, replaced b 1 -and b 2 -H only, but did not change the a-H 2 intensity. For T s 395 K (right panel), the results are very different; there is no a-state desorption, and b 1 -and b 2 -D 2 are both significantly attenuated by an 18-ML postdose of H, verifying the surface origin of all D 2 desorption. The broadening and shifting to high temperatures of the a peak with increasing dosing T s (Fig. 2 ) are also consistent with bulk H diffusion-limited, not surface recombination-limited, evolution of H 2 .
The microscopic surface condition that leads to absorption of atomic H is reflected in Fig. 4 . Curve ͑A͒ establishes the saturation intensity ͑u H ϳ 1 ML͒ of the b 1 -H 2 peak. For a 1000-fold larger dose, curve ͑B͒, neither surface roughening nor bulk H absorption occurred at T s of 615 K. Evidence includes a sharp ͑2 3 1͒ LEED pattern before TPD following the H dose (not shown), a b 1 peak intensity comparable to that of the 1-ML b 1 peak of curve ͑A͒, and no b 2 -H 2 , SiH 4 , or a-H 2 desorption. Lowering T s to 480 K, curve ͑C͒, leads to a strikingly different result, reflecting surface etching and roughening: a diffuse ͑1 3 1͒ LEED pattern before TPD, large a-and b 2 -H 2 peaks, and much larger b 1 -H 2 and SiH 4 peaks (not shown).
By stopping the TPD ramp of ͑C͒ at 960 K and cooling immediately to 615 K, the substrate exhibited a ͑1 3 1͒ LEED pattern with barely visible 1 2 -order spots, confirming that the topmost atom layer, but not the subsurface lattice, was disordered [5, 9] . When this preroughened surface was dosed with ͑3 3 10 3 ͒-ML atomic H at 615 K, a large b 1 -H 2 and a huge a-H 2 peak ͑u H ϳ 12 ML͒, but no SiH 4 or b 2 -H 2 desorption, were detected in the subsequent TPD, spectrum ͑D͒. Evidently, the initial roughness was retained without further etching during the H-atom exposure at 615 K. Comparing ͑B͒ and ͑D͒, we conclude that a smooth ͑2 3 1͒:H surface inhibits H penetration into Si(100) and that, for T s # 530 K, atomic-scale surface roughening facilitates absorption at detectable rates.
Competition between bulk H absorption, Si-H bond formation, and SiH 3 ͑ads͒ and H(ads) abstraction by incident H͑g͒ determines the lowest T s where bulk H absorption is observable (ϳ420 K, Fig. 2 ). Figure 2 shows that progressively more SiH 4 , b 1 -H 2 , and b 2 -H 2 desorb for lower FIG. 4 . H 2 TPD from Si(100) pretreated with indicated H atom exposures at the indicated T s s. The temperature ramp of (C) was terminated at 960 K and the sample was cooled to 615 K for the H dosing for (D). In each case, T s was reduced to 400 K prior to TPD.
T s , indicative of higher etching rates and consequently increased surface areas. It is thus concluded that etching, i.e., removal of surface Si atoms, takes place so much faster than H penetration that bulk H absorption cannot occur when T s is lowered to 395 K. Surface SiH 3 ͑ads͒, stable and present in a large concentration at this T s , is very efficiently abstracted by incoming H͑g͒ to desorb as SiH 4 ͑g͒ [8] , suppressing direct H͑g͒ absorption. According to this model, Si(100), once roughened, would efficiently absorb atomic H under conditions where etching was slow, a notion corroborated by comparing the results depicted in Fig. 4͑C͒ , roughened, with those of Fig. 4͑B͒ , smooth.
We also performed H͞D exchange experiments to characterize the chemical nature of H absorbed in the c-Si bulk. When the Si(100) substrate with preabsorbed H was subsequently treated with D͑g͒ at T s between 420 and 615 K, a large amount of HD, in addition to H 2 and D 2 , desorbed. The facile H͞D mixing to form HD suggests that most of the H within c-Si is not in molecular H 2 form. Importantly, even after 12 hours at 400 to 600 K following the H͑g͒ dose, the H 2 TPD was unchanged unless D͑g͒ was dosed. We conclude that the channel for depletion of absorbed H is dynamically open only when the D͑g͒ atom flux is on and T s is well below the thermal evolution temperature of 900 K. Consistent with its known fast diffusion [2, 3, 10] , these results all indicate that preabsorbed H is mobile, i.e., either free or very weakly coordinated to other atoms within c-Si.
If a uniform dopant depth distribution of a 1 3 10 15 cm 23 concentration is assumed, our 14 to 20 V ? cm Si(100) samples would have ϳ5 3 10 11 dopants per cm 2 within a 5-mm depth [2, 3] , the depth of H penetration estimated using a diffusion coefficient of 10 212 cm 2 s 21 at 500 K [11] . The observed ϳ10-ML bulk H ͑ 6.78 3 10 15 cm 22 ͒ in Fig. 4 , if distributed uniformly within the same depth, corresponds to a bulk H concentration of 1. 3 3 10 19 cm 23 , nearly 4 orders of magnitude higher than the dopant concentration. This concentration exceeds by far oxygen and other impurity concentrations as well [2, 3] . Thus, the observed behavior of bulk-absorbed H is related to a bulk c-Si phenomenon.
In Raman spectra, we detected a free moleculelike Raman H 2 vibration of ϳ4160 cm 21 consistent with recent reports [12] [13] [14] . Others [13, 14] reported additional H 2 vibrations at 3601, 3618, and 3822 cm 21 from c-Si samples hydrogenated by different methods. These vibrations were attributed to H 2 molecules, formed by two diffusing H atoms, trapped in voids and at tetrahedral interstitial sites [10, 13, 14] . Atomic or very weakly coordinated H in c-Si would, however, elude the Raman spectroscopic detection. On the basis of the facile H͞D mixing and H-by-D depletion of the bulk-absorbed H in the low T s regime, we thus conjecture that molecular H 2 accounts for a very small fraction of the total H present. Details of the chemical and physical nature of absorbed H in c-Si will be reported elsewhere.
In summary, within a very narrow substrate temperature window centered at ϳ460 K, thermal H atoms are directly absorbed by Si(100) in a large excess of impurity concentrations. The temperature window is determined by kinetic competition. Below 420 K, even though the surface exhibits atomic scale roughness, the rate of bulk absorption is too slow to compete with etching and H abstraction, whereas above 600 K, the etching rate becomes negligible and the atomic-scale roughness required for absorption is absent. All preabsorbed H atoms are readily depleted by postdosed D atoms at temperatures well below the thermal removal temperature of 900 K, indicating the highly mobile chemical nature of H within Si. The facile absorption of gaseous H atoms by atomically roughened Si(100) surfaces, but not by a smooth ͑100͒-͑2 3 1͒:H surface, is fundamentally interesting and provides useful insights into a variety of silicon and other semiconductor device processes.
